A new technique of lightning location utilizing data of arrival time difference and direction of electromagnetic waves from 2 stations or 3 stations is evaluated. Combination of available modes in this time-difference and direction (TDD) technique can achieve accurate lightning location in a wider coverage area than that of the time-of-arrival technique. Simulation shows that TDD technique is capable of retrieving the site error curve in the magnetic direction finding considerably accurately. Systematic timing error associated with propagation effect deteriorates the accuracy of the TOA lightning location, especially in the exterior base line area. The existence of this phenomenon is confirmed by analyzing real lightning data.
Introduction
In recent years, many lightning location systems have been employed for various applications including power systems, fire protection and geophysical researches. Basically lightning location systems incorporated either the magnetic direction finding (MDF) technique [1] or the time-of-arrival (TOA) technique [2] . Recently, a new version of the magnetic direction finding system which also utilizes the TOA data has been released to the market [3] . However, the characteristic of this new system has not been reported yet. A similar system is employed in the newly installed Java (Indonesia) Lightning Location System [4] which now incorporates four magnetic direction finders. In this system, both data of the arrival time and the direction of an electromagnetic wave from a lightning discharge are available.
Accurate lightning location will be possible by the simple MDF or the TOA techniques if the errors involved in the direction or TOA data are small. However, in practice, some amount of systematic errors will be present in both kinds of data. The TOA technique is believed to produce more accurate location in general than the MDF. In the TOA technique, however, at least four stations are necessary to get a solution of the location for every part of a coverage area. By combining both data of the arrival time and the direction of an electromagnetic wave, data from only two or three stations may give a more accurate location than the simple MDF does. This method is named the time-difference and direction (TDD) technique. In this paper, the accuracy of this TDD technique is studied by simulation. Moreover, methods to estimate the systematic directional error by utilizing the arrival time data are investigated. When a cloud-to-ground lightning discharge occurs, the associated electromagnetic wave is detected by crossed; loop antennas. If the receiver stations are precisely 'timesynchronized, we can measure the differences of the signal arrival time between the stations. The arrival time difference between two stations determines a hyperbola on which the signal is generated. Therefore we are able to locate the lightning position as an intersection of the hyperbola and a straight line from one station where the direction to the source of the electromagnetic wave is measured. Figure 1 shows this principle.
Fig. 1. Lightning location using the Time-Difference and Direction technique
When a third station is added, by utilizing arrival time data from 3 stations, we may obtain a second hyperbola,in addition to the previous one. The location is then calculated as an intersection of the two hyperbolas, which usually produces a better accuracy in a wider area compared to the technique utilizing the same data from 2 stations (TDD2). This technique is quite similar to.,the Figure 3 shows the contour of the TOA location error associated with the propagation effect. A similar result of the simulation using the TDD2 mode is shown in Fig. 4 . Figure 3 demonstrates that, even under the influence of the timing error associated with propagation effect, the TOA mode can achieve good accuracy in the interior area among the three stations. In the exterior base line area, the error is much larger. Locations with error larger than 10 km distributed over a wide area adjacent to each station. The TDD2 mode exhibits different characteristic under the same condition. In an area between ST2 and ST3, the accuracy is not so good as that of the TOA mode. But the accuracy in the exterior base line area is much better than that of the TOA mode. In the TDD2 mode, the effect of the lane expansion phenomena is reduced by employing the direction data. This is achieved with the trade off on the accuracy in the interior area.
Systematic Direction Error
The systematic direction error (directional site error) is a common problem in the magnetic direction finding and has been a subject of interest. The possible source of the error is scattering of electromagnetic fields by conducting bodies such as a building, a metallic structure, a transmission line, or a buried cable. Error produced by a nearby conducting object becomes the well-known quadrantal error [5] , which is composed of harmonics of even numbers depending on the azimuth. This kind of error can be reduced to some extent with a careful site planning. The remaining error might be corrected using various methods, non-parametric or parametric [5] .
In the present work we used non-parametric curve fitting to extract a site error curve from the individual data points by moving average.
In the MDF technique, the directional error is usually estimated from the difference between the measured azimuth and the azimuth to an optimal location of the respective discharge. The optimal location is calculated using the directional data from 3 or more stations through minimization the following x2 value, To investigate the effect of the systematic timing error on Fig. 10 . Apparent residual angular error in degrees before (shaded) and after (hollow) correction of calculated directional site error using quadrantal curve fitting (average in the system).
Finally, the quality of the estimated angular error by using observed data only is studied by simulation. In the actual observation, the true location is usually never known, and the estimated location by various techniques is regarded as the reference point. Figure 10 shows the average value (for the three stations) of the apparent residual angular error, that is, the standard deviation of the difference between the calculated azimuth and the measured one. It should be noted that the calculated azimuth does not necessarily coincide with the real one. 
Concluding Remarks
Lightning discharges can be located by using the information of the arrival time difference and the incoming direction of the associated electromagnetic wave. This method is named the time-difference and direction (TDD) technique.
If three stations observe the same electromagnetic pulse, the time-of-arrival (TOA) technique can be used. Simulation on the site error correction revealed an excellent performance of the TOA mode in the absence of large timing error. This prediction is confirmed by the analysis of actual data of lightning location obtained on Java Island. Also, the exsistence of systematic timing error in the actual data is revealed.
If only two stations observe the same electromagnetic pulse, the direction data and the arrival time data can yield location of lightning (TDD2). The optimized TDD2 mode can mitigate the effect of systematic timing error in the TOA mode associated with propagation effect, which causes large error in the location in the exterior base line area. A tangent of a hyperbola at any point P is obtained by assuming that if point P moved to P', both distances to its bifocal points change by an equal amount drA = drB, as seen in Fig. Al. Since the triangles PAPP' and PBPP' are congruent, the line PP', which coincides with the tangent of the hyperbola, bisects the angle APB = a.
Suppose, due to timing error corresponding to distance error of drA on the base line, hyperbola hAB is falsely identified as h'AB. From 
where 1/sin(a/2) is the lane expansion factor. 
